Cold storage is commonly employed to delay senescence in 'Nanguo' pears after harvest. 4 results indicate that miRNAs play key roles in aroma weakening in refrigerated 'Nanguo' pear and 3 5 provide valuable information for studying the molecular mechanisms of miRNAs in the aroma 3 6 weakening of fruits due to cold storage. 3 7
Fruit firmness was measured with a texture analyzer using a 2-mm plunger tip (TA-XT2i Plus, 1 1 0
Stable Micro System, UK). The test rate was 3 mm·s −1 to a 5-mm depth on opposite sides of the 1 1 1 equator of 18 fruits after removal of a slice of skin. Ethylene was collected from the box 1 1 2 headspace and analyzed using a gas chromatograph (CP-3800, Varian, USA) equipped with a 1 1 3 flame ionization detector (the injector, detector, and oven temperatures were 110°C, 140°C, and 1 1 4 90°C, respectively). Four fruits from each treatment were weighed and placed in the 1.2-L 1 1 5 fresh-keeping box for 5 h at RT. Soluble solid content (SSC) were measured using a digital 1 1 6
hand-held refractometer (PAL-13810, Atago, Tokyo, Japan) and expressed as percentage (%). The 1 1 7
test was performed using the flesh of 18 fruits from the two opposing sides. 1 1 8
miRNA Illumina sequencing and library construction 1 1 9
MiRNAs was extracted from fruit samples on the day move in and out of the cold storage (C01-03, 1 2 0 LT01-03) and at OTP (COTP1-3, LTOTP1-3), with three biological replicates. Extraction was 1 2 1 performed using an miRNA isolation kit (CWBIO, Beijing, China) following the instructions 1 2 2 provided by the manufacturer. RNA quality was monitored by gel electrophoresis and an 1 2 3 OD 260 /OD 280 ratio. High-quality RNA samples were used for miRNA library preparation and 1 2 4 massive sequenced by an HiSeq 4000 SBS kit (300 cycles) (Illumina, San Diego, CA, USA). 1 2 5
Multiplexing was applied during sequencing. Libraries were constructed according to TruSeq TM 1 2 6
Small RNA sample prep kit (Illumina, USA). Briefly, total RNA was purified by electrophoretic 1 2 7 separation on a 15% TBE-urea denaturing polyacrylamide gel electrophoresis (PAGE) gel, and 1 2 8
miRNA regions corresponding to the 18-32 nt bands in the marker lane were excised and 1 2 9
recovered. Then, the18-32 nt miRNAs were ligated to a 5'-adaptor and a 3'-adaptor sequentially 1 3 0 (TruSeq TM Small RNA sample prep kit). The adapter-ligated miRNAs were subsequently 1 3 1 transcribed into cDNA and then PCR amplified for 12 cycles using the adaptor primers. The PCR 1 3 2 products were purified for high-throughput sequencing. 1 3 3
Analysis of miRNA sequencing data 1 3 4
The raw data were assessed in terms of quality and base count. Then, the raw data were extracted 1 3 5 from unknown and low-quality base sequences and then screened in terms of length. The 1 3 6
remaining data were then designated as clean, small RNA sequences, and their length distribution 1 3 7
and base preference were analyzed using Fastx-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/ RT-PCR analysis of differentially expressed miRNAs and their target genes 1 5 7 'Nanguo' pears were sampled on 0 d, 3 d, 6 d, 9 d, and 12 d of shelving at room temperature and 1 5 8
after cold storage for RT-PCR of miRNAs and their target genes. MiRNA and RNA were extracted 1 5 9
using an miRNA isolation and OminiPlant RNA kit according to the manufacturer's instructions. 1 6 0
The miRNAs and RNA were subsequently converted into cDNA using an miRNA and RNA 1 6 1 cDNA synthesis kit (CWBIO, Beijing, China), which was then used as template for RT-PCR. 1 6 2
RT-PCR amplification and analysis were performed using QuantStudio 5 Flex (Life Technologies, 1 6 3 USA) with a miRNA and RNA RT-PCR assay kit. The RT-PCR conditions were based on the 1 6 4
instructions of the RealMasterMix kit (SYBRGreen, CWBIO, Beijing, China). The levels of 1 6 5 miRNA and target genes were calculated using the 2 -ΔΔ Ct method, with the actin gene (PuActin, 1 6 6 JN684184) used as internal control (Zhou et al., 2014) . Three biological repeats were used in the 1 6 7
RT-PCR assay. The primer sequences used in this study are shown in Maturity of 'Nanguo' pears during postharvest storage 1 7 4
Fruit maturity was evaluated by measuring the firmness, ethylene production, and SSC during 1 7 5
shelf life at RT and after cold storage, as well as changes in fruit aroma relative to stages of 1 7 6 maturation (Ji et al., 2012) . Table 1 shows that the firmness values of 'Nanguo' pears after release 1 7 7 from LT storage for 150 d were significantly lower than those recorded on the day before cold 1 7 8 storage was initiated, and firmness rapidly decrease to below that at RT, which both decreased 1 7 9 during shelving. A 6.5-7.5 N firmness value was considered indicative of moderate softness and 1 8 0 the optimal time for tasting 'Nanguo' pears (Zhou et al., 2014; Shi e al., 2017) . Ethylene 1 8 1 production was significantly higher after cold storage for 150 d (P < 0.05); it peaked on the sixth 1 8 2 day, which was three days earlier than that observed in fruits stored at RT. No changes in TSS 1 8 3 during shelving were observed in the two fruit groups, which initially increased, peaking on at 9 d 1 8 4
and 6 d at RT and LT, respectively, and then subsequently decreased. The results indicated that rate 1 8 5
of fruit ripening increased after cold storage, and the OTP was on the 9 d and 6 d in fruits stored at 1 8 6
RT and LT, respectively. 1 8 7
Sample collection and overview of the miRNA sequencing of 'Nanguo' pears 1 8 8
To investigate the function of miRNAs in aroma weakening in 'Nanguo' pears during cold storage, 1 8 9 fruits stored at RT and LT were sampled on the first day and at OTP, respectively. Twelve libraries 1 9 0 (C01-03, COTP1-3, LT01-03, and LTOTP1-3) of small RNAs were constructed for the samples by 1 9 1
Illumina sequencing. Table 2 shows that an average of 16,490,952 raw reads were obtained from 1 9 2 the 12 libraries of the small RNA sequence of 'Nanguo' pears. After quality control of the raw 1 9 3 reads, 7.95-19.4 million clean-read distinct sequences were obtained, with sizes ranging from 18 1 9 4 nt to 32 nt; with two major peaks at 21 nt and 24 nt ( Figure 1A ). The number of reads for the 21-nt 1 9 5
sequences was higher in the RT samples; however, the reads of the 24-nt was higher in the LT 1 9 6
samples. As shown in other plants, the 21-nt and 24-nt miRNAs may play a role in maintaining 1 9 1 0 genome integrity and stabilization via heterochromatin formation. 1 9 8
Identification of known miRNAs 1 9 9
After removing the rRNAs, snRNAs, tRNAs, and non-miRNA sequences, approximately 2 0 0 656,407,32 reads were matched in the all 153,641,399 reads, and 292,720,11 reads (19.05%) were 2 0 1 matched to miRNAs ( Figure 1B) . To identify known miRNAs in the 12 libraries of 'Nanguo' 2 0 2 pears, these sequences were mapped to the genome of Prunus persica and Malus domestica using 2 0 3 bowtie, allowing one mismatch with less than two substitutions to known miRNAs from miRBase. 2 0 4
By querying the remaining sequences against the currently known plant precursor or mature 2 0 5 miRNA sequences in miRBase21 (http://www.mirbase.org/), more than 300 known miRNAs 2 0 6
belonging to 46 miRNA families were identified in 'Nanguo' pear that mainly matched those of M. 2 0 7 domestica and P. persica. Comparison of family sizes showed that the number of miRNA 2 0 8 members widely varied among miRNA families. The number of members in each miRNA family 2 0 9
in 'Nanguo' pear ranged from 1 to 380, with families miR156, miR166, MIR172, and miR395 2 1 0
showing the highest number of members ( Figure 1C ). 2 1 1
Identification of the differentially expressed miRNAs in response to LT storage 2 1 2
To identify differentially expressed miRNAs related to aroma formation during cold storage, the 2 1 3 miRNAs identified in the LT0 and LTOTP groups were compared to those of the C0 and COTP 2 1 4 groups, whereas those of the C0 and COTP groups were used as control. The number of 2 1 5 differentially expressed miRNAs of the CO vs. COTP and LT0 vs. LTOTP 'Nanguo' pears were 2 1 6
analyzed, using those from the C0 and LT0 groups as control. Figure 2B shows that 12 miRNAs, 2 1 7
including mdm-miR396g/f, mdm-miR397a/b, mdm-miR398b/c, ppe-miR398b/a-3p, and 2 1 8 mdm-miR408b/c/d were downregulated, and 14 miRNAs consisting of ppe/mdm-miR858, Identification of the target genes of the differentially expressed miRNAs 2 4 2
MiRNAs regulate their target genes, some miRNAs may have multiple target genes, and the same 2 4 3 target gene may also be regulated by multiple miRNAs. Several target genes of the differentially 2 4 4 expressed miRNAs were identified, and some of the target genes were key enzyme genes of aroma 2 4 5 formation such as LOX2S, LOX1_5, HPL, and ADH1. As shown in Figure 3 , LOX2S may be 2 4 6 miRNAs mdm-miR7120a/b, mdm-miR172a-h, mdm/ppe-miR394a/b, mdm-miR395a-h, 2 6 4 mdm-miR535a, mdm-miR160a/b/c, mdm-miR156a-o, mdm-miR408a-d, mdm-miR159a-c, and 2 6 5 mdm/ppe-miR399a. Figure 4 shows that compared to fruits stored at RT, the LOX2S and HPL 2 6 6
genes were significantly downregulated on the day these were moved out of cold storage, and the 2 6 7
LOX2S and LOX1_5 genes were significantly downregulated at the OTP. And mdm-miR172a-o, 2 6 8 mdm-miR395a-h, mdm/ppe-miR394a/b, mdm/ppe-miR399a, mdm-miR159a-c, 2 6 9 mdm-miR160a/b/c, mdm-miR7120a/b and mdm-miR535a were significantly upregulated, and 2 7 0 mdm-miR408a-d was significantly downregulated in the fruits compared to that stored at RT. 2 7 1
MiRNAs negatively regulate the expression of target genes; therefore, mdm-miR172a-h, 2 7 2 mdm-miR159a/b/c, mdm-miR160a-e, mdm-miR395a-h, mdm/ppe-miR399a, 2 7 3 mdm/ppe-miR535a/b, and mdm-miR7120a/b may play important roles in aroma weakening in 2 7 4 'Nanguo' pears after cold storage by regulating these target genes. 2 7 5 Discussion 2 7 6
'Nanguo' pears are characterized by aroma esters, which influence their commercial value. Studies 2 7 7 have shown that maturity and senescence are critical factors affecting the abundance of aroma 2 7 8 compounds in fruits (Lara, 2003) , and that these processes induce the synthesis and degradation of 2 7 9 aroma volatiles (Manriquez et al., 2007; Tietel et al., 2011) . 'Nanguo' pears evolve through the 2 8 0 stages of ripening, full ripening, and overripening during postharvest RT and LT storage. To 2 8 1 ensure consistency in maturation stage at OTP before and after cold storage, the present study 2 8 2 assessed fruit maturity under various storage conditions in relation to maturation. Here, firmness, 2 8 3 ethylene production, and SSC were used as indices of fruit maturity during storage at room 2 8 4 temperature and after cold storage. The results showed that fruit firmness was lower than that 1 1 5
properties of alcohol acyltransferases (AATs), determine the composition of volatile esters in fruits. 3 0 8
AAT transfers acyl-CoA into the corresponding alcohol, and esters are generated by ester linkages 3 0 9 (Tieman et al., 2006) . PuLOX1, PuLOX8, PuADH3, and PuAAT may play important roles in 3 1 0 aroma ester formation during pear ripening (Li et al., 2014) . The roles of the LOX, HPL, ADH, 3 1 1
and AAT genes in aroma weakening in 'Nanguo' pears during storage at RT after LT storage have 3 1 2 been identified (Zhou et al., 2014; Shi et al., 2017) . In the present study, the key genes LOX2S and 3 1 3
HPL were significantly downregulated in fruits on the day they were removed from cold storage, 3 1 4 and the LOX2S, LOX1_5, and ADH1 genes were significantly downregulated in the fruits at the 3 1 5
OTP after cold storage compared to those at the OTP at RT, and these genes showed no significant 3 1 6
changes during aroma formation in fruits stored at RT. Moreover, the four key genes were 3 1 7
predicted as the target genes of known significantly differentially expressed miRNAs in 'Nanguo' 3 1 8
pears after cold storage. 3 1 9
In recent years, high-throughput sequencing technology has been widely used to identify 3 2 0 miRNAs in plants, opening up a new area for research investigations on various molecular 3 2 1 mechanisms. LT stress, a common abiotic stress that severely affects normal plant growth, 3 2 2 development, and quality, has also received increasing attention, and significant progress has been 3 2 3 made in understanding the role of miRNAs in response to LT stress (Zhang et al., 2009 ; Zhang et 3 2 4
al., 2014). MiRNAs have been increasingly studied in response to LT stress in the past few years. 3 2 5
However, no studies involving 'Nanguo' pears have been conducted to date. In the current study, 3 2 6
to identify LT-responsive miRNAs related to aroma weakening in 'Nanguo' pears, four miRNA 3 2 7
libraries of the fruit were established, which consisted on average of 10,878,552 (C0), 10,675,515 3 2 8
(COTP), 17,058,667 (LT0), and 12,601,065 (LTOTP) clean reads that were generated by 1 6
high-throughput sequencing. Additionally, the differentially expressed miRNAs in fruits stored in 3 3 0 the cold were identified, and mdm-miR172a-o, mdm-miR167b-g, mdm/ppe-miR395a-i, 3 3 1 mdm-miR160a-e, mdm-miR7120a/b, mdm-miR159mdm-miR164b-f, and mdm-miR396b were 3 3 2 most significantly differentially expressed in the fruits after LT storage. These low wheat, and peach (Wang et al., 2014; Zhu et al., 2011) . Although different species express 3 4 5 different sets of miRNAs that respond to LT, there is a set of core miRNAs that is shared by most 3 4 6
species. In the current study, miRNAs that mainly include mdm-miR172a-o, mdm-miR395a-i, 3 4 7 mdm/ppe-miR399a, mdm-miR159a-c, mdm-miR160a-e, mdm-miR7120a/b, and mdm-miR535a 3 4 8
were uniquely significantly differentially expressed during aroma formation in 'Nanguo' pears 3 4 9
after cold storage, and the predicted target genes of these significantly differentially expressed 3 5 0 miRNAs include the key aroma formation genes LOX, HPL, and ADH. Furthermore, we found 3 5 1 The primers of miRNAs for RT-PCR analysis. 
